Catalase is an important enzyme found in nearly all aerobic organisms and plays an essential role in protecting cells from oxidative damage by catalyzing the degradation of hydrogen peroxide into water and oxygen. In filamentous fungus Neurospora crassa, the expression levels of catalases are rigorously regulated by morphogenetic transition during growth and development in cells. Our study revealed that catalase-3 transcription is positively regulated by histone acetyltransferase GCN5 and the cross-pathway control gene cpc-1, as the cat-3 expression level is significantly decreased in gcn5 KO and cpc-1 (j-5) mutants. Moreover, gcn5 KO and cpc-1 (j-5) mutants could not respond to H 2 O 2 treatment due to the inadequate cat-3 transcription, while wild-type strains showed high expression levels of catalase upon H 2 O 2 treatment. The global H3 acetylation and the acetylation of H3 at cat-3 locus dramatically decreased in gcn5 KO under normal or oxidative stress conditions. Meanwhile, the expression of CAT-3 is reduced in gcn5 E146Q , the catalytically dead mutant, suggesting that the catalytic activity of GCN5 functions in regulation of cat-3 transcription. In addition, GCN5 cannot acetylate histone H3 efficiently at cat-3 locus in cpc-1 (j-5) mutant strains under normal or oxidative stress conditions. Furthermore, ChIP assays data revealed that the CPC1/GCN4 can directly target the cat-3 promoter region, which may recruit GCN5 to modify the histone acetylation of this region. These results disclosed a distinctive function of CPC1/GCN4 in the regulatory pathway of cat-3 transcription, which is mediated by GCN5-dependent acetylation.
Cross-pathway control gene CPC1/GCN4 coordinates with histone acetyltransferase GCN5 to regulate catalase-3 expression under oxidative stress in Neurospora crassa 
Introduction
Reactive oxygen species (ROS), which are produced through electron transport chain during endogenous and extracellular redox reaction, ubiquitously exist and exert negative effects to the living cells [1] [2] [3] [4] [5] . These ROS can be found in nearly all living organisms exposed to oxygen, and they have pivotal roles in cell signal transduction and homeostasis [3, 4, 6, 7] . Thus the ROS within cells could play an important function in regulating phase transitions of cell cycle or act as endocellular signaling molecules in signal transduction pathways. However, the ROS may also pose a serious threat to cells if the intracellular ROS levels deviate from the optimal amount [2, [8] [9] [10] . The negative effects of ROS are mostly conventional, such as oxidation damage of DNA, polyunsaturated fatty acids in lipids and amino acids in proteins [2, 8, 10, 11] . To protect themselves from intra-and extracellular ROS damage, cells have evolved various anti-oxidation strategies, the most important one being able to convert ROS into constituents that are harmless to cells. Superoxide dismutase (SOD) and catalases are two types of enzymes involved in such processes. SOD can alternately catalyze the decomposition of the superoxide radical into either molecular oxygen (O 2 ) or hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide can subsequently be degraded and converted into H 2 O and O 2 by catalases. The degradation of hydrogen peroxide by catalases plays an important part in protecting the cells from ROS damage. Thus, SOD and catalases are the primary antioxidant defenses in nearly all living cells exposed to oxygen [4, 5, 7, 12] . Being one of the most efficient enzymes ever known, one catalase molecule can convert approximately 5 million molecules of hydrogen peroxide to water and oxygen in one second [13, 14] .
Fungi are able to efficiently produce catalases [15] . Three catalases, namely CAT-1, CAT-2 and CAT-3, have been identified in N. crassa [16] . The expression profile and distribution of these catalases are various in the different phases of asexual life cycle and in response to stress conditions [17] . In general, CAT-1 and CAT-3 are the predominant catalases in the conidia and mycelia, respectively [17, 18] . CAT-3 protein is expressed during the exponential growth phase and is induced by various oxidative stresses [18, 19] . Our recent study shows that H 2 O 2 treatment can stimulate cat-3 expression by elevating histone acetylation levels both in the cat-3 promoter and its ORF region. This indicated that the nucleosomes within the cat-3 gene locus underwent acetylation modification under H 2 O 2 stress [20] . These results suggested that chromatin structure and histone modifications play major roles in regulating the inducible expression of the cat-3 gene.
Recent reports show that the histone acetyltransferase GCN5 modulate the cellular response to oxidative stresses [21, 22] . The gcn5 deletion strains of fission yeast displayed a deficient growth under the osmotic stress or heat shock conditions [23] . In Aspergillus nidulans, GcnE (GCN5) function was found to be required for the acetylation of histone H3K9/K14 at the promoter of the master regulator of conidiation, brlA, as well as at the promoters of the upstream developmental regulators of conidial fluffy genes [24] . In yeast, during the growth and development processes induced by environmental changes or internalexternal signals, GCN5 can be recruited to the chromatin of the promoter or upstream regions of genes by transcription factors to acetylate the lysine residues at N-terminal tails of histone H3 on nucleosomes, which alters the chromatin structure for recruiting RNA polymerase II and transcription initiation. GCN4 as a transcription factor is able to respond to internal or external cell signals [25, 26] . The GCN4 protein can directly bind to the specific DNA sequences through its DNA binding domain and recruit GCN5 HAT module by associating with the SAGA complex, thereby creating local domains of histone H3 hyperacetylation and subsequent transcriptional activation.
Since cat-3 gene responds to H 2 O 2 stress, its expression level and the H3 acetylation at its locus are significantly increased after H 2 O 2 treatment. Collectively, these data argue that the histone acetylation modification caused by H 2 O 2 treatment resulted in increased cat-3 expression. However, it is not clear whether GCN5 is involved in the regulation of cat-3 gene expression in N. crassa. Previous studies showed that deletion of AP-1 transcription factor gene confers H 2 O 2 -sensitive phenotypes in many fungi [27] . However, the deletion strains of nap-1 (NCU03905) only exhibited a slight increase in H 2 O 2 sensitivity compared to the wild-type strain and the cat-3 gene was strongly induced by menadione in the nap-1 KO strains [28] . This indicates that NAP1 participated in the activation of cat-3 expression but was not the deciding factor. Thus, the specific transcription factor for regulating cat-3 expression also needs to be determined.
Here we show that in N. crassa, histone acetyltransferase GCN5 and the cross-pathway control gene (cpc-1) positively regulate the expression of the cat-3 gene. The gcn5 deletion strain revealed a decrease in cat-3 expression level and could not respond to H 2 O 2 treatment. Similar results were observed in the cpc-1 (j-5) mutant strains. Neurospora CPC1 protein is the homolog of yeast GCN4, and shares 42% similarities in domains with that of yeast GCN4 [27, 29] . ChIP analyses reveal that CPC1 can bind to the cat-3 promoter region. Both CPC1 expression and its DNA binding ability were significantly increased by H 2 O 2 treatment. The acetylation levels of histone H3 were decreased in cpc-1 (j-5) mutants and could not increase with H 2 O 2 treatment, suggesting that GCN5 complex fails to acetylate histones at cat-3 promoter and activate cat-3 transcription in cpc-1 (j-5) mutants.
Materials and methods

Strains and culture conditions
In this study, N. crassa 87-3 (bd, a) strain [30] was used as the wildtype strain. The ku70 RIP (bd, a) strain generated previously was used as the host strain for creating the gcn5 KO , nap-1 KO , gcn5
G160A
, gcn5
E146Q
and gcn5 KI-WT-5Myc knock-in strains. The cat-3 KO strain generated previously was also used in this study. The cpc-1 (j-5) (FGSC#4433 and #4434) and cpc-1 (CD15) (FGSC#4264) from Fungal Genetics Stock Center were used in this study. The cpc-1 (j-5) band mutant generated from the crossing of cpc-1 (j-5) (FGSC#4433 and #4434) with 87-3. The gcn5 E146Q strain transformed with pqa-Myc-GCN5 or mutant GCN5 was used to test the phenotype of complementary HAT deficient of gcn5 E146Q strain. The newly created strain was cpc-1 (j-5) nap-1 KO double mutant. All strains used here have the same bd background except for cpc-1 (CD15) (FGSC#4264). The medium for race tube assays contained 1 × Vogel's salts, 0.1% glucose, 0.17% arginine, 50 ng/mL biotin and 1.5% (w/v) agar. Liquid cultures were grown at 25°C with shaking in minimal medium (1 × Vogel's and 2% glucose) for 18 h in constant light (LL).
For protein and RNA analyses, the 5 or 7 day-old conidia were inoculated in petri dishes with 50 mL liquid medium containing Vogel's minimal medium (VM) and 2% glucose under static culture condition at 25°C for 2-4 days. The disks of mycelium mat (adhered hyphae) were cut with a cork borer for quantification. For each strain, equal amounts of mycelium disks were transferred into flasks with 50 mL fresh liquid medium containing 2% glucose and then incubated with agitation at 130 rpm for 18 h in constant light at 25°C. All cell extracts from the adhered mycelium were used for performing protein and RNA analyses.
Generation of antiserum against CPC1
GST-CPC1 (containing CPC1 amino acids 3-269) fusion proteins were expressed in BL21 cells and soluble recombinant proteins were purified and used as the antigens to generate rabbit polyclonal antiserum, as described previously [31, 32] .
ChIP analysis
Chromatin immunoprecipitation (ChIP) assays were performed as described previously [33] . Briefly, N. crassa tissues are harvested under the experimental conditions were fixed with 1% formaldehyde for 15 min at 25°C with shaking and then stopped with glycine at a final concentration of 125 mM for 5 min. Cross-linked tissues were ground and resuspended at 1 g/8 mL in lysis buffer containing 1 mM PMSF, 1 µg/mL pepstatin A and 1 µg/mL leupeptin. Chromatin was sheared by sonication to ∼ 500 bp fragments. 1 mL protein (2 mg protein/mL) was used per immunoprecipitation, and 10 µL was kept as the input DNA. ChIP was carried out with 3 µL of antibody to H3 (2650; CST), 5 µL of antibody to H3ac (07-473; Millipore), 10 µL of antibody to CPC1. Immunoprecipitated DNA was quantified by using real-time polymerase chain reaction with primer pairs. The primer pairs used are listed in Supplementary Table 1 . ChIP-quantitative PCR (qPCR) data were normalized by the input DNA and presented as a percentage of input DNA. The chromatin mixture from gcn5 KO strain was used as a negative control. Each experiment was independently performed at least three times.
Protein analyses
Protein extraction, quantification, western blot analysis were performed as described previously [34] . Equal amounts of total protein (40 µg) were loaded into each protein lane. After electrophoresis, proteins were transferred onto PVDF membrane. Western blot analyses were performed using antibodies against the proteins of interest.
Densitometric analysis from three independent experiments was calculated with Quantity One ® 1-D analysis software made by Bio-Rad Laboratories, Inc.
In-gel assay for catalase
Cell extract of mycelium disks cultured 18 h in liquid medium was used for the zymogram. Grinded tissues were mixed with ice-cold extraction buffer containing 50 mM HEPES (pH7.4), 137 mM NaCl, 10% Glycerol and protease inhibitors, Pepstatin A (1 µg/mL), Leupeptin (1 µg/mL), PMSF (1 mM), and centrifuged at 10,000 g for 10 min at 4°C. And the protein concentration was measured by Bio-Rad protein assay dye at 595 nm.
For the in-gel assay, catalase activity was determined as described previously [35] . Equal amounts of total protein (40 µg) were loaded into a 7.5% native polyacrylamide slab gel. After electrophoresis, the gel was immersed in 10 mM H 2 O 2 with shaking for 10 min, and then in a 1/1 mixture of freshly prepared 1% potassium hexacyanoferrate (III) and 1% iron (III) chloride hexahydrate. Catalase activity was visualized as a band where H 2 O 2 was decomposed by catalase.
The stained colonies for testing extracellular catalase
Little amount of 7 day-old conidia were resuspended in 1 mL ddH 2 O, and 0.6 µL of those were incubated on solid medium containing 1 × Vogel's, 1.5% agar and 1 × Fig's at 30°C for 4 days. The solid media with colonies in petri dishes were treated with 7 mM H 2 O 2 for 10 min, and immersed in a mixture of freshly prepared 1% potassium hexacyanoferrate (III) and 1% iron (III) chloride hexahydrate for 2 min. Extracellular catalases were visualized as a transparent circle (halo) where H 2 O 2 was decomposed by catalases.
RNA analyses
For quantitative real-time reverse transcriptase-PCR, total RNA was isolated with TRIzol agent and treated with DNase I to remove genomic DNA according to the manufacturer's protocol. Each RNA sample (total RNA, 5 µg) was subjected to reverse transcription with M-MLV reverse transcriptase (Promega), and then amplified by real-time PCR. The primers used for qPCR were shown in Supplementary Table 1. The relative values of gene expression were calculated using the 2 -ΔΔCT method [36] by comparing the cycle number for each sample with that for the untreated control. The results were normalized to the expression levels of β-tubulin gene.
The race tube assays
Conidia of different strains were inoculated at one end of each race tube and were grown under constant light (LL) with medium containing 0, 10 or 20 mM H 2 O 2 . The position of the advancing mycelia front was marked at 24 h intervals on the tube. When growth was completed, tubes were scanned and the average growth rate of each strain relative to that in medium without H 2 O 2 (0 mM) was calculated. Each experiment performed at least three times independently.
Results
GCN5 is required for cat-3 expression
Our recent study showed that H 2 O 2 treatment induced cat-3 gene expression and increased H3 acetylation at cat-3 locus [20] . To identify the histone acetyltransferases involved in the regulation of the cat-3 gene expression in N. crassa, we stained colonies in petri dishes for the CAT-3 activity in mutants of the HAT-domain-containing proteins. A large halo of catalases activity observed in WT colonies was absent or strongly reduced in the cat-3 KO and gcn5 KO strains (Fig. 1A) , suggesting that GCN5 is the acetyltransferase responsible for cat-3 expression. To further confirm this observation, we performed western blot to measure the levels of the CAT-3 protein in the wild-type and gcn5 KO strain treated with or without H 2 O 2 . Our results showed that low CAT-3 protein expression level in gcn5 KO strain cannot be induced by H 2 O 2 treatment, in contrast to those in the wild-type strain ( Fig. 1B and C) . Furthermore, the levels of cat-3 mRNA was also low and cannot be induced by the addition of H 2 O 2 in gcn5 KO strain (Fig. 1D) . Race tube assays were used to measure the sensitivity of the gcn5 KO strain to oxidative stress. The growth rate of the gcn5 KO strain was as low as those of the cat-3 KO stains in the race tubes containing H 2 O 2 ( Fig. 1E and Supplement Fig. 1 ), indicating that the gcn5 KO strain was extremely sensitive to H 2 O 2 stress. These results indicate that GCN5 is required for cat-3 expression and plays important roles in activating cat-3 transcription under H 2 O 2 stress.
The catalytic activity of GCN5 promotes cat-3 expression
GCN5 protein and its catalytic activity are conserved across species. Alignment with other GCN5 homologs showed that the Neurospora GCN5 is more similar to the GCN5s of higher eukaryotes (Homo sapiens and Drosophila melanogaster) than that of budding yeast (Supplement Fig. 2 ). The HAT domain and the bromodomain of GCN5 proteins are highly conserved across species. The glutamate residue at 146 of Neurospora GCN5 HAT domain is the key catalytic site for its acetyltransferase, and the glycine residue at 160 of its HAT domain is one of the key residues for the binding of acetyl-CoA ( Fig. 2A) [37] . To investigate whether the catalytic activity of GCN5 is involved in the regulation of cat-3 gene, we created gcn5 knock-in strain at the endogenous locus by homologous recombination, i.e. gcn5 E146Q , gcn5
G160A
, and gcn5 KI-WT-5Myc strains. The gcn5 KO strain exhibited a slow-growth phenotype on plate (Fig. 2B ) and poor conidiation on slants (Fig. 2C ), confirming that GCN5 was required for growth and development in N. crassa. Similar to gcn5 KO strain, gcn5 E146Q strain exhibited slow growth rates and developmental defects compared to those of the gcn5 KI-WT-5Myc and wild-type strains ( Fig. 2B and C) .
However, gcn5 G160A strain exhibited modestly affected growth rate compared to those of wild-type and gcn5 KI-WT-5Myc strains ( Fig. 2B and   C ). Ectopic expression of Myc-tagged wild-type GCN5, but not mutant GCN5s (Myc-GCN5 E146Q or Myc-GCN5 G160A ) fully rescued the growth and developmental defects of the gcn5 E146Q strains ( Fig. 2D and E).
These results indicate that catalytically dead mutation results in loss-offunction of Neurospora GCN5 protein.
Plate assays showed that the halos of CAT-3 activity in the gcn5 E146Q and cat-3 KO colonies were extremely small compared to those in WT colonies (Fig. 2F) . The halos of CAT-3 activity in the gcn5 G160A colonies were larger than those in gcn5 E146Q and cat-3 KO colonies, but still smaller compared with those of the wild-type strain (Fig. 2F ). More importantly, the activity of CAT-3 in the gcn5 E146Q , qa-Myc-GCN5
transformants was also restored in medium with 10 −3 QA (Fig. 2G) . In contrast, the expression of Myc-GCN5 E146Q mutant protein cannot rescue the low levels of CAT-3 activity in gcn5 E146Q strain (Fig. 2G) .
Interestingly, the expression of Myc-GCN5 G160A protein can partially rescue the low levels of CAT-3 activity in gcn5 E146Q mutants (Fig. 2G) .
In-gel assays also confirmed the low levels of CAT-3 activity in gcn5 E146Q and gcn5 G160A strains (Fig. 2H ). These data indicate that the key catalytic site and the acetyl-CoA binding site of GCN5 were required for the proper function of GCN5. Taken together, these results further demonstrate that the catalytic activity of GCN5 was critical for cat-3 expression in N. crassa.
Acetylation of H3 mediated by GCN5 is involved in cat-3 expression
Previous studies in yeast show that the major acetylation site of GCN5 is H3K14 and the minor site is H3K9 [38] [39] [40] . To investigate the effect of GCN5 protein on global H3 acetylation levels in N. crassa, we tested the levels of histone H3 acetylation using western blot analysis in the wild-type and gcn5 KO strains treated with or without H 2 O 2 . As shown in Fig. 3A , the global H3ac modifications increased significantly upon H 2 O 2 treatment in the wild-type strain, however, this cannot happen in the gcn5 KO strain (Fig. 3A) , indicating that GCN5 protein was required for histone H3 acetylation in N. crassa. To investigate the effect of GCN5 protein on H3 acetylation of cat-3 locus, histone acetylation states across cat-3 locus were mapped by ChIP assay in wildtype and gcn5 KO strains. Cell extracts from wild-type and gcn5 KO strains were subjected to ChIP assays using antiserium against H3ac that has been shown to recognize histone acetylation at different sites. And oligonucleotide primer pairs were designed to target an approximately 8.5-kb region from the proximal 6-kb upstream region of cat-3 transcription start site (TSS) to the cat-3 ORF 3′ region in the wild-type strain (primer pairs 1-8, Fig. 3B ). Fig. 3C showed that two regions separated by a 5-kb heterochromatin domain of the cat-3 locus exhibited acetylated states of H3 in wild-type [20] , the levels of H3ac modifications across the cat-3 locus increased after H 2 O 2 treatment in the wildtype strain; however, low levels of acetylation state at cat-3 locus was seen in gcn5 KO strain, and its acetylation levels cannot be induced upon the H 2 O 2 treatment (Fig. 3D) , indicating that H3 acetylation at cat-3 locus requires the function of GCN5 protein. Consistent with the low expression levels of cat-3 in gcn5 KO and gcn5 E146Q strains, these results demonstrated that the catalytic activity of GCN5 through mediating H3 acetylation at cat-3 locus were required for the cat-3 expression in N. crassa.
CPC1/GCN4 activates cat-3 expression in N. crassa
In yeast, the GCN5 complexes are usually recruited to the target promoters through physical interactions with sequence-specific transcription factors. Studies in yeast indicate that GCN4 acts as a master regulator of gene expression upon stress condition, including a set of genes in response to H 2 O 2 stresses [22, 25] . It remains to be determined whether GCN5 regulates the cat-3 expression directly or indirectly by gene-specific activator(s) in response to H 2 O 2 stress.
We screened the mutant strains with bZIP transcription factors using the stained colonies in petri dishes to check the CAT-3 activity. As shown in Fig. 4A , the halos of CAT-3 activity were significantly reduced in the cpc-1 (j-5) mutant and cat-3 KO strains compare to those in WT strains. The cpc-1 (j-5) mutant was previously generated through a translocation of its upstream sequence, starting 40 bp downstream from the cpc-1 transcription start site [41] . Moreover, we repeated this experiment using cpc-1 (CD15) strain, which is a single base pair deletion in codon 330 of its ORF region, resulting in a frame-shift mutation from the amino acid residue F91 and in the production of a polypeptide with 220 amino acids [41] . The mutant polypeptide is predicted to lack those domains that are believed to be responsible for trans-activation, DNA binding and dimerization. Interestingly, the halos of CAT-3 activity were modestly reduced in the cpc-1 (CD15) strains compared to those in WT strains (Fig. 4B ). The CPC1 in N. crassa is the homolog of the yeast transcription factor GCN4 (Supplement Fig. 3 ) [29, 42] . They share the conserved transcription activation domain and DNA binding domain, with a high similarity of 42% [42] . We further showed that the levels of CAT-3 activity, CAT-3 protein and cat-3 mRNA were also significantly reduced in cpc-1 (j-5) mutant, and the cat-3 expression in this mutant (Fig. 4C-F ). These results demonstrate that CPC1/GCN4 was responsible for activation of cat-3 expression during the growth and development both in normal and in oxidative stress conditions.
3.5. CPC1/GCN4 directly binds and activates the cat-3 expression in developmental process and oxidative stress conditions CPC1/GCN4 was expressed immediately following spore germination and throughout early mycelial growth, but subsequently quickly became scarce [43] . Both CPC1/GCN4 and CAT-3 exhibit the similar growth stage-specific expression manners [14, 43] , suggesting that this bZIP transcription activator is responsible for cat-3 expression during the germination of spores. Bioinformatics analysis showed that the CPC1/GCN4 preferred binding sites 5′-TGACTCA-3′ [43, 44] located at upstream of the cat-3 promoter (− 1360 -− 1590). To investigate whether CPC1/GCN4 directly binds to the cat-3 promoter to activate its expression, CPC1-specific polyclonal antiserum was generated. The antibody specifically recognized a 30 kDa band (predicted size of the CPC1 protein is 29.23 kDa) in the wild-type strain but not in the cpc-1 (j-5) mutant strain (Fig. 5A) .
To test whether CPC1 can directly bind the cat-3 gene, we carried out ChIP assays with CPC1 antiserum. Two previously reported CPC1 binding sites at the two regions of the arg-2 promoter by EMSA [42, 43] were chosen as positive controls (positive 1 and 2) to test the CPC1 binding. Two heterochromatin regions (Φ63 and ζ-η) were chosen as negative controls (negative 1 and 2). ChIP-qPCR results showed that CPC1 specifically bound to the positive control regions but not the heterochromatin region (the negative control) in the wild-type strain (Fig. 5B) . ChIP data revealed high levels of CPC1 binding at region − 1360 to − 1590 of the cat-3 promoter which includes its preferred binding sequence 5′-TGACTCA-3′ (Fig. 5B) , indicating that CPC1 directly binds to cat-3 gene.
The cat-3 expression was induced by H 2 O 2 treatment [20] . We also found that CPC1/GCN4 expression was induced by H 2 O 2 treatment similar to CAT-3 expression in wild-type strain (Fig. 5C) . ChIP results revealed that the levels of CPC1/GCN4 enrichment at primer pairs 5 of cat-3 promoter were increased upon H 2 O 2 treatment in the wild-type strain compared to those without the treatment (Fig. 5D) . These results demonstrated that CPC1/GCN4 directly targeted the cat-3 promoter region and regulated its expression in developmental process and oxidative stress conditions. We further examined whether CPC1/GCN4 was able to bind its target sequences at the cat-3 gene in gcn5 KO mutant.
ChIP assays using CPC1 antiserum were performed on the wild-type and gcn5 KO extracts. Quantitative PCR results indicated that deleting GCN5
had no obvious effect on CPC1/GCN4 binding to either the cat-3 Fig. 2 . The catalytic activity of histone acetyltransferase GCN5 contributes to promote cat-3 expression. (A) Amino acid alignment of conserved HAT domain of GCN5 homologs from Homo sapiens (Hsa), Drosophila melanogaster (Dme), Neurospora crassa (Ncr), and Saccharomyces cerevisiae (Sce). The black frame shows the conserved HAT domain and functional sites (Glu146 and Gly160) were labeled by black triangle according to the structure alignment with the Saccharomyces cerevisiae. . Significance was assessed by using a two-tailed t-test. *P < 0.05, **P < 0.01, and ***P＜0.001.
promoter or the arg-2 regions (Fig. 5E ). These results indicate thatKO double mutant, which was similar to those in cpc-1 (j-5) strains (Fig. 6D) . The CAT-3 protein levels were extremely low and cannot be induced by H 2 O 2 treatment in the double mutants, which was also similar to those in cpc-1 (j-5) single mutants (Fig. 6E ). These data demonstrate that CPC1/GCN4 was the key transcription factor that activates cat-3 expression in developmental process and oxidative stress conditions in N. crassa. The CAT-3 protein expression could not be induced by H 2 O 2 treatment in gcn5 KO , cpc-1 (j-5), and cpc-1 (j-5) nap-1 KO double mutant strains, indicating that such defect is likely due to the inability of the mutant CPC1 to recruit the GCN5 complex to cat-3 promoter region or the inability of GCN5 activity. We wondered whether the acetyltransferase GCN5 is directly recruited to the cat-3 promoter by CPC1/ GCN4. We further examined the acetylation state of H3 at cat-3 locus in wild-type and cpc-1 (j-5) mutant strains. ChIP assays were performed using antibody against H3ac in cell extracts from wild-type strain and cpc-1 (j-5) mutant. As shown in Fig. 6F , H3ac levels at cat-3 locus is decreased in cpc-1 (j-5) mutant and cannot be induced after H 2 O 2 treatment compared the wild-type strain (Fig. 3C) , confirming that H3 acetylation at the cat-3 locus mediated by GCN5 is CPC1/GCN4-dependent. Overall, an excellent correlation was observed between the binding of CPC1/GCN4 and the degree of histone acetylation in the immediately adjacent regions. Taken together, these data underscored a critical function of the activator CPC1/GCN4 that recruits GCN5 to the cat-3 locus.
Discussion
For most of the aerobic eukaryotic organisms the accurate maintenance of intra cellular ROS homeostasis is essential for their development and cell differentiation. Catalase is an important enzyme found in nearly all aerobic organisms and plays an essential role in protecting cells from oxidative damage by catalyzing the degradation of hydrogen peroxide into water and oxygen. Our recent study showed that H 2 O 2 treatment induced cat-3 gene expression and increased H3 acetylation both at cat-3 ORF and upstream region [20] . To identify the histone acetyltransferases involved in the regulation of the cat-3 gene expression, we measured the CAT-3 activity in mutants of the HATdomain-containing proteins by the stained colonies in petri dishes. In this study, we revealed that histone acetyltransferase GCN5 and the transcription factor CPC1/GCN4 are required for the maintenance of cat-3 expression and the response to the oxidative-stress in N. crassa. ChIP data declared that the CPC1/GCN4 can directly target the cat-3 promoter region. In cpc-1 (j-5) mutant strain, GCN5 cannot acetylate histone H3 efficiently at cat-3 locus. These results indicate that CPC1/ GCN4 might recruit the acetyltransferase GCN5 to modify the histone H3 of cat-3 locus. Inducible expression of catalases is an important mechanism protecting cells from oxidative damage in all aerobic organisms. Both cat-3 expression and H3 acetylation at cat-3 locus are significantly induced by the H 2 O 2 treatment, indicating that histone acetylation plays important roles in cat-3 expression under oxidative stresses. In the gcn5 KO and its catalytically dead mutants, cat-3 expression level is significantly decreased. In addition, when mutants are treated by H 2 O 2 , no inducible cat-3 expression upon this stress is seen. Furthermore, consistent with low levels of cat-3 expression, our ChIP analysis reveals that H3 hypoacetylation at cat-3 locus in gcn5 KO mutant, suggest that the modification by the acetyltransferase GCN5 is specifically required for the proper cat-3 expression in developmental process and oxidative stress conditions. Recent reports show that the histone acetyltransferase GCN5 modulates the cellular response to oxidative stresses [21, 22] . Our results suggest that transcriptional regulation of catalases by acetyltransferase GCN5 might be a conserved mechanism in almost organisms under oxidative stress conditions.
The acetyltransferase GCN5 as a transcriptional co-activator is usually recruited by specific transcription factors, such as Gal4 or GCN4, to the promoters of inducible genes in yeast [45, 46] . Genetic screening of transcription factor mutants shows that the levels of cat-3 expression in cpc-1 (j-5) mutant is very low with or without H 2 O 2 treatment similar to those in gcn5 KO strain, indicating that CPC1 is the key transcription factor for activating cat-3 expression in developmental process and oxidative stress conditions. Moreover, it seems that levels of extracellular catalases activity in cpc-1 (CD15) reduced to a less extent compared with those in cpc-1 (j-5). The reason of this phenomenon might be that the polypeptide caused by frame-shift mutation in cpc-1 (CD15) remains certain functions, and more evidence needs to be further investigated. CPC1 is the Neurospora homolog of yeast GCN4, which is responsible for the control of the amino acid biosynthetic genes during amino acid starvation of N. crassa [42, 47, 48] . Interestingly, both CPC1/GCN4 and CAT-3 are largely expressed immediately following spore germination and through early mycelial growth, but become scarce subsequently [14, 43] , suggesting that CPC1 expression is the key factor for CAT-3 expression. We found that CPC1/GCN4 and GCN5 play an important role in the activation of cat-3 transcription in developmental process and oxidative stress conditions. First, both cpc-1 (j-5) and gcn5 KO mutants exhibit low levels of cat-3 expression. Second, CPC1 binds specifically to cat-3 promoter and the enrichment of CPC1 at this region is elevated under H 2 O 2 treatment in the wild-type strain. Third, the elevated enrichment of CPC1 at cat-3 promoter is coupled with elevated H3 acetylation modification at this region. Finally, CPC1 expression is also stimulated by H 2 O 2 treatment similar to that observed for the CAT-3 expression. Previous studies showed that deletion of AP-1 transcription factor gene confers H 2 O 2 -sensitive phenotypes in many fungi [27, 28] . However, the deletion strain of nap-1 only showed a slight increase in sensitivity to H 2 O 2 compared to wild-type strain; expression of cat-3 gene was strongly induced by menadione in the nap-1 KO strain [27] , suggesting that this transcription factor may participate in the activation of cat-3 expression but is not the key factor during oxidative stress. Our results show that the levels of CAT-3 protein are increased by H 2 O 2 treatment to the wild-type levels in nap-1 KO strain. To distinguish the function of two bZIP transcription factors on cat-3 expression in response to oxidative stresses, cpc-1 (j-5) nap-1 KO double mutant is created. The low levels of CAT-3 protein and no inducible CAT-3 expression by H 2 O 2 treatment in both double mutant and cpc-1 (j-5) single mutant confirm the key roles of CPC1/GCN4 on cat-3 expression in N. crassa.
We confirm that cat-3 expression in cpc-1 (j-5) mutant is unable to respond to oxidative stress signal. Previous finding reveals that the OS-2 MAP kinase in osmatic signal transduction pathway regulates CAT-1 and CAT-3 [49] . It remains a key question as to how the oxidative stress signal transfers to the nucleus and induces and/or represses the associated genes within the cells. In N. crassa, the bZIP domain transcription factor CPC1/GCN4 binds the promoter region of the cat-3 gene and may recruit histone acetyltransferase GCN5 to this region to acetylate the adjacent histones and activate cat-3 transcription to an appropriate level. It has been proposed that H 2 O 2 treatment can increase the ROS in intracellular pools, and the accumulation of ROS within the cells might be a general signal for oxidative stress. Upon H 2 O 2 stress, the membrane receptors localized at the cell surface can sense and transfer oxidative-stress signals through transmission elements such as calcium or protein kinase pathway to CPC1 and/or other transcription factors, resulting in elevated enrichment of CPC1 at the cat-3 promoter region and more recruitment of GCN5 complex to activate cat-3 transcription. Thus, CPC1 and GCN5 play an important role in the transduction from the ROS-stress signal to cat-3 transcription activation, and eventually cleaning up of the exceed ROS.
